ABSTRACT. We measured apparent radiocarbon ages of live-collected, pre-bomb mollusk shells from the northern and central Gulf of California to determine the source of the reservoir ages and the reservoir age correction offsets for calibrating 14C dates of fossil samples. Reservoir ages average 860 yr in the northern Gulf and 725 yr in the central Gulf. The corresponding DR values (the deviation from typical worldwide values) are 540 yr and 395 yr, respectively, with variabilities (SD) of 90 and 110 yr. This variability significantly limits the precision of calibrated 14C ages. The apparent 14C age of Colorado River water (as measured in a freshwater mussel, collected in the 1890s, before diversion of river flow) is not sufficiently high (1420 yr) to account for the high reservoir ages in the Gulf. The lack of a relation between the stable isotope composition of Gulf mollusks and their reservoir ages is further evidence that the Colorado River does not make a significant contribution to Gulf reservoir ages. Upwelling of old, deep Pacific-derived water appears to be the cause of the large reservoir ages.
INTRODUCTION
Several factors contribute to the apparent radiocarbon age of inorganic carbon in marine waters (the marine 14C reservoir age), which averages ca. 400 yr worldwide (Stuiver, Pearson and Braziunas 1986) . In deep ocean waters, and in areas where such waters upwell, large reservoir ages occur because of the long residence time of carbon in the bicarbonate pool. So, in upwelling areas such as the California coast (Berger, Taylor and Libby 1966) or the Pacific coast of South America (Taylor and Berger 1967) , reservoir ages are higher than average. In addition, continental waters may contribute hardwater effects (from the dissolution of limestone); their input into marine waters via either rivers (Little 1993) or groundwater (Heier-Nielsen et at. 1995) may increase 14C reservoir ages. In Arctic areas, stratification of marine waters and ice cover reduces exchange with the atmosphere and thus results in higher reservoir ages (Mangerud and Gulliksen 1975) .
Large 14C reservoir ages were first recognized in the Gulf of California based on analyses of two pre-bomb shell samples from the central Gulf by Berger, Taylor and Libby (1966) , who suggested that upwelling of old Pacific water into the Gulf was likely responsible. However, shells collected alive in 1962 from the northern end of the Gulf showed apparent ages of only 210 and 270 yr (Hubbs, Bien and Suess 1965: 70) , significantly lower than typical marine reservoir ages. Berger, Taylor and Libby (1966) concluded that these analyses indicated the lack of upwelling in the northern Gulf. However, subsequent studies have shown that by 1962, a measurable amount of the excess 14C produced by thermonuclear bomb tests had already entered the world oceans (Druffel 1987 (Druffel , 1997 Weidman and Jones 1993) . The presence of bomb carbon is therefore a likely explanation for the low apparent ages of the two northern Gulf mollusk samples.
The Gulf of California is known to be an area of significant upwelling (Roden 1964) . Winds blow largely from the north or northwest along the axis of the Gulf, pushing surface water out the entrance of the Gulf in the south and sucking in water from depth to compensate. The entrance of the Gulf is >2000 m deep (Fig. 1 Stuiver and Becker (1993) .
Deviation of 14C age from model reservoir age of Stuiver and Braziunas (1993) . #Mod-14 and Mod-16 samples were taken from the same shell; Mod-14 is from the margin of the shell, whereas Mod-16 is from near the umbo of the shell. **From Flessa, Cutler and Meldahl (1993). ttMod-8 and Mod-9 represent different individuals from the same sample collection.
ft From Berger, Taylor and LibbY (1966) ; isotopic fractionation correction recalculated. § §From In am and Southon (1997). 1987). However, some spatial variation in the timing of the bomb spike may be expected (cf. the record for Uva Island; Druffel 1987) . A second sample of the shell (Mod-16), from earlier growth near the umbo, was also analyzed. This older portion of the shell should have been laid down at least a year or two earlier, when the influence of bomb carbon is even less likely. The similarly low reservoir age obtained for this sample suggests that bomb 14C is not a likely explanation. Possibly this specimen lived at a time when unusual storm activity resulted in enhanced mixing of atmospheric carbon into the northern coastal Gulf waters. Because of uncertainties regarding the unusual value of this specimen, it is left out of further consideration of reservoir ages. However, it does raise the possibility that extreme but short-lived conditions may occur in the Gulf.
For the northern Gulf, reservoir ages were found to average 860 ± 125 yr, whereas for the central Gulf, ages were younger on average (725 ± 135 yr) ( Table 2 ) and this difference is statistically significant (p = 0.04, t = 2.31, 2-tailed test with 17 d.f.). Part of the variability within each region is attributable to analytical error. To obtain the net variability, the variance (o2) of the analytical error was subtracted from the total variance of R. This net variance was then converted to standard deviation units by taking the square root of the variance. The net variability (SD) of the reservoir ages for both the northern and central Gulf samples was found to be 110 yr. No temporal trends in the reservoir ages are apparent (Fig. 2) . In particular, there is no apparent difference between samples collected prior to construction of the Hoover Dam (in the 1930s) and those collected subsequently. Neither do there seem to be consistent local patterns of deviation of reservoir ages: a wide range of reservoir ages occurs in multiple samples of various ages from both Puerto Penasco (and nearby Cholla Bay) in the northern Gulf as well as for the Guaymas area in the central Gulf (Table 1) . Marine reservoir ages may vary over time because they are affected not only by contemporary atmospheric 14C levels but also by the integrated history of atmospheric 14C levels. For this reason, AR values, representing the offset between a local marine reservoir age and the average worldwide reservoir age (based on models of exchange with atmospheric carbon; Stuiver, Pearson and Braziunas 1986), are usually used for calibrating marine 14C dates. Thus a AR value of 0, for example, would characterize a sample that has a reservoir age typical for worldwide oceans. Except for the problematic 1956 shell discussed above, all Gulf samples show large, positive OR values. For the northern Gulf, these average 540 yr (SD =110 yr); for the southern Gulf, they average 395 yr (SD =120 yr) ( Table 2 ). Gulf of California samples thus show consistently higher 14C reservoir ages, relative to the world oceans; and, on average, the northern Gulf samples show a reservoir age 150 yr older than central Gulf samples. After removal of variation due to the average analytical error, the standard deviation is 90 yr for the northern Gulf and 110 yr for the central Gulf. Central Gulf samples thus show slightly higher variability of AR values, despite having smaller reservoir ages.
We also determined the 14C reservoir age of northern Gulf waters before the period represented by museum collections, by analysis of charcoal and shell from a midden in San Felipe, Baja California (100 m SW of the lighthouse; SF-1, Fig, 1 ). Because the charcoal samples represent atmospheric 14C levels at the time of growth of the wood and the interstratified shells generally are contemporary with the charcoal (but see below), the offset between marine and atmospheric 14C values can be determined from 14C analysis of the materials. This approach was used by Little (1993) to analyze variation in late Holocene marine reservoir 14C ages around the New England region of the United
States. Along the Baja California coast, there are few trees or shrubs. However, there is an abundant supply of driftwood, brought down by the Colorado River when it still flowed into the Gulf. Such driftwood may be the source of the charcoal found in the midden at San Felipe, located only a few hundred meters from the shore. Because some of the driftwood may have had a significant age at the time it was collected for firewood, we analyzed three charcoal samples from the midden to check for age variation. Results (Table 3) indicate that one of the three samples is significantly older than the others, but the two youngest ones are of analytically identical age (1075 ±50 and 1065 ±50 BP). We accept this age as representing the age of the midden and therefore also the 14C activity of the atmo- 
CAUSES OF LARGE RADIOCARBON RESERVOIR AGES IN THE GULF
We consider here two possible sources of old carbon contributing to the large 14C reservoir ages in the Gulf of California: input from the Colorado River flowing into the northern end of the Gulf and upwelling of deep Pacific water drawn up into the Gulf from the south.
In order to assess the possible contribution of old bicarbonate carbon from the Colorado River, we carried out 14C analysis on shell carbonate of a freshwater mussel sample collected from the lower reaches of the river in the 1890s, before flow conditions of the river were altered. The apparent 14C age of this sample is 1420 BP (Table 3) . In relation to atmospheric 14C levels at that time (apparent age of 104 BP; Stuiver and Becker 1993) , this sample shows a 14C deficiency equivalent to 1315 yr. This is the result of the dissolution of limestone or the input of old groundwater along the river's course.
Using a simple mass balance approach, we can consider what proportion of river water of this apparent age would have to be mixed with Pacific surface waters in order to obtain the observed average reservoir ages of 860 and 725 yr for the northern and central Gulf areas, respectively. For this purpose, the situation in AD 1880 is calculated, because this is around the time for which a Colorado River 14C datum is `available. Radiocarbon activity values (A) were calculated from the model marine 14C age for that time (480 yr; Stuiver and Braziunas 1993) and the aR values for the northern and central Gulf (Table 2 ) and for Eastern Pacific surface waters around Mexico (AR = 185 yr; Stuiver, Pearson and Braziunas 1986) . TheA values are 0.881 and 0.897 for the northern and central Gulf respectively, 0.921 for Pacific waters, and 0.838 for Colorado River water. Calculations yield an estimate of 48% for the proportion of bicarbonate carbon derived from the Colorado River for the northern Gulf and 29% for the central Gulf under this scenario. However, because bicarbonate concentrations in river water are low compared to the ocean, an even higher proportion of river water to Pacific water would be required to produce the estimated carbon proportions. In the 1950s, Colorado River water contained only 2.9 ppm bicarbonate (Roden 1964) or about an order of magnitude less than typical ocean water. Hence a mixture of river and ocean water in which 48 to 29% of the bicarbonate was of river origin would have to be largely fresh water. In fact, both the northern and central Gulf regions are slightly hypersaline (35-36%o; Roden 1964 Reservoir age (yr) If the Colorado River has little or no effect on 14C ages, then we infer that upwelling must be the predominant cause of the high reservoir ages observed in the Gulf. Water in the Pacific Ocean has an apparent age of >2000 yr at depths of 2000 m or more (Bien, Rakestraw and Suess 1963 Table 2 ). This variability in reservoir ages limits the precision of age determination of marine samples in the area by 14C analysis. Consideration of the additional error due to variability of the OR values is provided for in the widely used 14C calibration program CALIB 3.0 (Stuiver and Reimer 1993) .
In only a few areas of the world oceans are there sufficient numbers of analyses of modern pre-bomb samples to reliably quantify the variability of ER values. In southern Norway, variation of apparent 14C ages of 11 samples (collected between 1898 and 1923) was found to be essentially the same as analytical error, thus indicating no detectable variation in reservoir ages (Mangerud and Gulliksen 1975 (Southon and Baumgartner 1996) . Thus, the contribution of uncertainties in AR to the overall error of calibrated marine 14C
dates ranges from negligible in some situations (southern Norway) to other situations, such as the Gulf of California and the coast of California, in which the variability of AR is considerably greater than the analytical error of the dated sample. Areas having high 14C reservoir ages due to upwelling may also be expected to have higher variation in reservoir ages due to spatial and/or temporal variability in upwelling.
